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Surface Distribution Factors and the 
Inter-reflection Method 
By RONALD CROFT, B.Sc., A.M.1.E.E. (Member) 


Summary 

The inter-reflection method of lighting design has been available since 
1946, but its value has been reduced, due to the difficulty in separating 
the total flux from the luminaires into wall, ceiling and floor components. 
Methods so far suggested involve either the use of non-standard photo- 
metric data or the approximation of the intensity distribution to one of the 
few distributions for which tables have been subsequently calculated. The 
paper develops a method based on a simple analysis of the polar diagram. 

The distribution of flux over the room surfaces is related to “ surface 
distribution factors,” which are calculated and given in graphical form for 
an extended range of standard distributions similar to those used by Harrison 
and Anderson in the calculation of coefficients of utilisation. The factors 
are related to the positions of the luminaires with respect to the surface to 
which they refer and this relationship is summed up in the form of a 
“ surface coefficient.” 

Various methods of calculating distribution factors are mentioned, and 
an example of lighting design using the factors is given and discussed. 

The advantages of the inter-reflection method and the degree of 
accuracy to be expected are also discussed. 

Appendices, aimed at increasing the usefulness of the paper, are given, 
tated definitions of new terms and an analysis of published performance 
data for a wide variety of luminaires (lighting fittings). These analysed 
data are given in a form suitable for use in the method described in this 
paper 

(1) Introduction 
(1.1) Lumen Method 


As a result of the experimental work of Harrison and Anderson(': 2) which was 
reported in 1916 and 1920, it became possible for the first time to predict the average 
illumination due to artificial lighting in an interior, taking into account not only the 
illumination received directly on the working plane, but also that received by reflection 
from the room surfaces, etc. This method, originally known as the “three curve 
method,” and now known under the familiar name of “lumen method,” has served 
illuminating engineers well for over three decades and will continue to do so. 

However, as reported in the American I.E.S. Lighting Handbook(3), it does suffer 
from the following drawbacks :— 

(a) At the time the experimental work was done, photometric methods were not so 
highly developed, with the result that the values given are said to be 2 to 7 
per cent. low. 

(b) Utilisation factors were only obtained for luminaires with flux ratios of up to 
50 per cent.; the flux ratio being defined as the percentage of the flux of the 
direct component contained in the 0—40 deg. zone. Utilisation factors have 
since been obtained by Amick and Weitz(4), based on extrapolation of the 
original data, for flux ratios of up to 65 per cent., but further interpolation of 
these figures is required to convert from the “ Standard ” American high ceiling 
reflection factor of .75 to the British .70. 

(c) The original experiments were carried out with a floor reflection factor of .14, 
so that it is difficult to estimate the improvement in illumination due to floors 
of higher reflection factor. 


The author is with the Corporation of Glasgow, Architectural and Planning Dept. “The manuscript of 
this paper was first received on August 6, 1954, and in final form on February 25, 19 
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(d) No account is taken of the effect of length of the suspension on the utilisation 
factor. . 
There is little doubt that the basis of the lumen method is sound, particularly when 
worked from first principles, and that the method will be rather more accurate when 
further experimental work is carried out to overcome the above limitations. 


(1.2) Inter-reflection Method 


No alternative method of interior lighting design was available until 1946, when 
Moon and Spencer(5: ©. 7, 8) published their inter-reflection method of lighting design. 
It is based on the mathematical theory of inter-reflections and depends on the following 
assumptions, which are not unreasonable :— 


(a) All the reflecting surfaces of the room are perfectly diffusing. 
(b) All room surfaces have uniform reflection factors. 
(c) The room is empty. 


(d) The luminance of each type of surface, e.g., wall, ceiling, floor, due to the light 
falling directly on it, is uniform. (Robinson(°) calls this value of luminance 
“ intrinsic,” and Moon and Spencer(5) refer to it as “ initial ”.) 

(e) The luminance of the ceiling and floor due to the combined effect of direct 
light, if any, and inter-reflections, (referred to as “final” by Moon and 
Spencer(?!)) is uniform. 

(f) The final luminance of a section of the wall surface is a function of its height 
above the floor only, and is independent of its horizontal position(!®). 


The luminous flux output from the luminaires is split into three basic ‘‘ surface 
components,” wall, ceiling and floor, and separate calculations are carried out to 
determine the effect of each surface component using the basic tables, and the effect 
of all the components is obtained by superposition. (N.B. The wall component is the 
flux which strikes the wall directly without being reflected from other surfaces, etc.) 

Another feature of this method is the interflectance (factor) (f,), which is defined 
as the ratio of the flux reaching the principal plane to the surface component flux 
producing it. In a given room each component has its own interflectance. A co- 
efficient utilisation (C), similar to that associated with the lumen method, is obtained by 
the summation of the products of the surface component light output ratios (g,) (defined 
as the ratio of the flux reaching the surface directly (F,) to the total lamp flux (F)) 
and the corresponding interflectances, ic, C = 2g;. fr=—g.f. 

The letter room index or numerical room ratio (K,) of the lumen method is 
replaced by the room coefficient (k,) of the inter-reflection method. The latter being 
defined as the ratio of the height of the room to the mean harmonic dimension, i.e., 
H/A, where the mean harmonic dimension, verified experimentally by Hisano(!'), is 
defined as twice the product of the width and length of the room divided by the sum 
of the width and length, i... 2WL/(W +L). 

Another innovation is luminance-illumination ratio, which in its basic form is 
the ratio of the final luminance of a room surface s’, produced by a “surface com- 
ponent of flux” to the illumination on the principal plane which is produced by 
that component of flux, (Z,-/ E,;). 

The modified basic tables produced by Moon and Spencer(7: 8) give interflectances 
and luminance ratios for each of the three surface components for a range of values 
of room coefficient, wall (p,,) and ceiling (p,) reflection factors and for two values 
of floor reflection factor (p,) .1 and .3. Lee(!2) extended the ceiling component tables 
to cover a floor reflection factor of .5 and recently Potter and Wellner(!3) have con- 
siderably extended all interfiectance tables for further combinations of wall, ceiling 
and floor reflection factors. 
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Using these tables the illumination on the principal plane, due to any surface com- 
ponent, is obtained from 


F 
A 


By the principle of superposition the total average illumination on the principal 
plane is given by 


Eps — &s- fs 


~ _ E 
Ep = ZEps = (Bw fo + be fe + 8% fy) | 


Similarly, the final luminance of the surface s’ is given by 


ies 
Ly = pm bray, Eps 
L, sin ye 
te Gye By ( ) ie i ( ; ) » By ( =) 
E pw Epc Eps 


The author is sure that one reason for the limited progress made by this excellent 
method has been the difficulty experienced in applying it to the general case of a 
luminaire emitting flux in all directions. 

In addition to the original tables, Moon and Spencer(!4) have published tabies 
relating to a few other specific flux distributions. Coradeschi and Innis(!5) produced 
further tables based on an experimental determination of the flux distribution in- 
volving non-standard photometric data. Recently Innis(!©) published tables of inter- 
flectance only, for the 10 I.C.I. luminaire classifications, none of which involved 
horizontal intensity. So once again the tables are of limited application, since even 
after matching with the nearest luminaire distribution with consequent loss of accuracy, 
there are no corresponding luminance tables published. 

The fullest information can only be obtained. by a fairly accurate application 
of the basic tables and this requires the predetermination of the surface component 
fluxes. The author believes that the predetermination should be based on simple 
calculations using standard photometric data such as the polar diagram. It is the 
purpose of this paper to present data which lead to a simple solution of this problem. 





(2) Methods for Calculating Distribution Factors 
(2.1) Surface Flux Distribution Factors 


The problem of computing the surface component fluxes can be simplified by 
introducing the surface flux distribution factor (D,) which may be defined as the ratio 
of the flux reaching the specified plane surface without inter-reflection to the flux 
emitted by the luminaires. 


(2.1.1) Surface Coefficient 

For any plane parallel to the plane of the luminaires, the distribution factor will 
be a function of the spacing ratio of the luminaires, the height of the luminaires above 
or below the reference surface (h,) and the dimensions of the surface. In the case of 
a plane surface equal in area to the floor area of the room, the latter two factors can 
be summed up in the form of a surface coefficient (k,), similar to the room coefficient 
previously mentioned and defined as the ratio of the perpendicular distance between 
the plane of the luminaires and the reference surface to the mean harmonic dimension 
of the room, i.e. k ,=h,/d. 
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(2.1.2) Distribution Factor and Surface Component Flux 
The surface component flux (F;) is the product of the surface distribution factor, 
the light output ratio and the lamp flux (F), i.e. Fs=D,. g. F. 


(2.2) Three Curve Method 


In order to systematise the tabulation of distribution factors calculated from the 
polar diagram, it is advisable to split up the output from the luminaire into components 
reflecting the relative values of the upward, downward and horizontal intensities. 
Possible arbitrary components which easily come to mind are: — 

(a) (i) A uniform distribution equal to horizontal intensity, (ii) the remainder of 
the upward flux, (iii) the remainder of the downward flux, and 

(b) (i) A sinusoidal distribution with maximum equal to horizontal intensity 
(horizontal component), (ii) the remainder of the upward flux (indirect 
component), (iii) the remainder of the downward flux (direct component). 

Alternative (b) shown in Fig. 1 is considered to be the most suitable, as there 





ee. ee a eae 
+e ~ be 


Kg Fig. 1. Three curve analysis. 




















is less work involved in the average case and the illuminating engineer is already 
familiar with these luminaire components as used by Harrison and Anderson(?) in the 
calculation of coefficients of utilisation for the lumen method. 
(2.3) Spacing of Luminaires 

Before proceeding further, the spacing ratio on which to base the computations 
must be decided. Although this is not critical it is an advantage to choose a suitable 
value which will give good results in all average cases, so the following theoretical 
possibilities will be reviewed : — 

(a) The total flux concentrated in one centrally located luminaire. This leads to 
simple computation, but the distribution factors are too high for surfaces 
parallel to the plane of the luminaires, and in rooms where the room coefficient 
is low it leads to considerable inaccuracy. 

(b) A layout with a spacing ratio of zero, i., a continuous distribution of 
infinitesimal luminaires, with polar diagrams similar to the finite luminaires 
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‘ 


which they replace, spread over the whole area of the mounting plane. This 
method is treated by Moon and Spencer(!4) and also by Zijl(!7) for one or two 
specific cases and lends itself to solution by integration. In this case, however, 
the factors for parallel surfaces are a little too low, due to the luminaires 
spreading from wall to wall, and Innis(!®) felt obliged to add estimated 
corrections to factors obtained in this way. 

(c) A symmetrical arrangement with a specified spacing ratio. Here the conditions 
assumed compare most closely with practice, so that it will obviously give the 
most satisfactory results. There is also the advantage that factors can be 
obtained by the following methods: — 

(i) By integration as used for specific cases by Zijl(!7), but computations by 
integration and the necessary summation are time consuming for point sources. 

(ii) By using Harrison and Anderson’s(?) utilisation factors for p, = p» = 0; 
resulting in an easily applied method, which served the author well for some 
months until a more suitable method was discovered, but it introduces 
unnecessary experimental work into a theoretical method and considerable 
doubtful extrapolation for higher flux ratios. 

(iii) By using zonal multipliers as developed by Jones and Neidhart(!8. 19), which 
in the author’s opinion gives a very good return for the work involved, the 
results being well within the limits of illuminating engineering accuracy, 
although not promising the high precision which could be expected from (i). 


(2.4) Calculation of Surface Distribution Factors 
(2.4.1) Zonal Multipliers 

The zonal multiplier (ZM) for a surface may be defined as the fraction of the total 
flux in that zone of the luminaires which reaches the surface without inter-reflection, 
and the same zone has a different zonal multiplier for each room index and each 
different spacing ratio. Zonal multipliers have been tabulated by Jones and 
Neidhart(!8. 19) and before they can be used for calculating distribution factors they 
must be related to surface coefficients equivalent to the room indices used in the original 
teference, as explained in Appendix I. 

The zonal multipliers referred to relate to 10 deg. zones and are published for 
several spacing ratios, i.e., ratio of spacing distance to mounting height above working 
plane, from .4 to 1.0. _It is made clear in the discussion, by Jones and Neidhart(!*) in 
reply to Harrison’s question, that the true significance of spacing ratio lies in the spacing 
at the walls. As an actual spacing ratio of 1.5 with a ratio of .5 at the walls is fairly 
common in Britain, the calculations in this paper are based on a spacing ratio of 1.0, 
which is the equivalent of a wall ratio of .5. 


(2.4.2) Selected Intensity Distributions 

Distribution factors are calculated for various cosine power distributions to corre- 
spond to direct luminaire components of various flux ratios, a cosine distribution for 
the indirect component and a sine distribution for the horizontal component. Cosine 
powers which correspond exactly with the mid value for each flux ratio range are 
calculated for 5 per cent. ranges from the 30-35 per cent. range to the 95-100 per cent. 
range. Potter and Russell(2°) conclude that the 0—40 deg. flux ratio principle is satis- 
factory up to 85 per cent., but as will be seen from the more gradual change in distri- 
bution factor with surface coefficient for the higher flux -ratios, as revealed in Fig. 2, 
the error is less serious than it would be at lower flux ratios. 


(2.4.3) Zonal Fractions 

The zonal fraction (ZF) for each of the 10 deg. zones, i.e., the fraction of the total 
flux contained in the zone, must first be found by integration. 
Vol. XX., No. 9, 1955. 263 
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Fig. 2. Surface distribution factors. 


For a cosine power distribution the zonal fractions are given by 


6; 
7F = gn tl 
ZF 9 6, = [oe lf, 


where @, and @, are the boundaries of the zone and /, is the intensity when 6 = 0, and 
n is the cosine power of the intensity distribution. 
Similarly, for a sine distribution the zonal fractions are given by 


I 0, 
Z7I> 9 st 9 
ZF 9 6, [6 } sin 20 f 


where @, and @, are as before and /,, is the intensity when 6 = 90 deg. 
Zonal fractions for each of the intensity distributions standard to this paper are 
given in Appendix II. 


(2.4.4.) Distribution Factors 

It can easily be seen from the definition given earlier that the distribution factor 
for a parallel surface is the sum of the products of zonal fractions and corresponding 
zonal multipliers over the range of angles covered by the intensity distribution curve, 
ie. D, = ZZM.ZF. 

The example given in Table I of the calculation of the distribution factor for a 
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cosine distribution with a surface coefficient of .4 (equivalent to a room index D) and 
a spacing ratio of 1.0 should illustrate the procedure. 
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Table 1. 


Calculation of Distribution Factor. 
(Direct Distribution I, = I, cos §). 

















Zone Zonal Fraction | Zonal Multiplier('9) ZM.ZF 
(degrees) 

0-10 .030 1.00 .030 
10-20 .087 1.00 .087 
20-30 .133 94 .125 
30-40 .163 61 .100 
40-50 .174 53 .092 
50-60 .163 39 .064 
60-70 .133 13 .017 
70-80 .087 .00 .000 
80-90 .030 .00 .000 

Distribution Factor ae ae rae “be 515 














The results are presented in Fig. 2 in graphical form to allow for the use of exact 
surface coefficients and interpolation between values of flux ratio and spacing ratio if’ 
desired. 


(2.5) Observations on the Method 


It must be noted that when the spacing ratio with respect to the principal plane 
(which is the reference plane for illumination calculations using the inter-reflection 
method, and is one-quarter the room height above the floor) is 1.0, the spacing ratio 
with respect to the floor is actually slightly less than 1.0, but since the floor distribution 
factor is only used to calculate the contribution to illumination caused by inter-reflection 
this is not serious. 

Wall distribution factors can be easily obtained by subtracting floor and/or ceiling 
distribution factors from unity. In this connection, Potter and Russell(2°) suggest that 
it is better to subtract the principal (plane) distribution factor instead of the floor dis- 
tribution factor and then increase the difference in the ratio height of room to height 
of ceiling above principal plane, i.e., multiply by 4/3. This suggestion is to compensate 
for the lower contribution to the illumination on the principal plane of the flux received 
by the wall below the principal plane, when the distribution of the initial flux over the 
walls is non-uniform. The author feels that this is unnecessary, as it only refers to 
illumination by inter-reflection, in the case of semi-direct, general and semi-indirect 
luminaires, but it may be worth considering for direct or indirect luminaires. 

Ceiling distribution factors only apply to upward flux and can be obtained from 
the curves using the surface coefficient appropriate to the height of the ceiling above 
the plane of the luminaires. In practice this is not strictly accurate, because the spacing 
suspension length ratio with respect to the ceiling is not usually 2.0, but at least 3.0 in 
the average case; the resulting error is, however, generally negligible. It has been sug- 
gested earlier that the indirect luminaire component be treated as a cosine distribution. 
This is not usually true in the case of indirect luminaires where all the illumination on 
the principal plane is due to inter-reflection, the intensity distribution generally being 
broader, which in itself tends to compensate for the use of a ceiling spacing suspension 
length ratio of 2.0 instead of the actual higher value. In the case of general, semi-indirect 
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and semi-direct luminaires, even when the indirect component departs from a cosine dis- 
tribution, its contribution is so comparatively small that the error should not be very 
important. 


(2.6) Comparison of Techniques 

Comparison between theoretical distribution factors calculated by the above 
method for a spacing height ratio of 1.0 and factors obtained from Harrison and Ander- 
son’s(2) experimental data are given in Fig. 3 and a further comparison with Moon and 
Spencer’s(!4) factors for continuous distributions represented by cosine and cosine 
cubed intensity distributions are given in Fig. 4. 


(3) Practical Application of Distribution Factors 
(3.1) Light Output Ratios 
The term light output ratio (g) of a luminaire is here used to denote the ratio of 
the total flux emitted by a luminaire to that emitted by the light source. 
(3.1.1) Luminaire Component Light Output Ratios 
If the light output ratio of a luminaire is considered to be made up of horizontal, 
direct and indirect components as previously discussed, each of the luminaire com- 


ponent light output ratios (g,) is defined as the ratio of the luminous flux emitted by 
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Fig. 4. Effect of spacing on distribution factors. 


the luminaire in that component to that emitted by the light source, and the light 
output ratio of the luminaire is the sum of the component ratios, i.e., 
2 = g,+ 84+ 2; It is these component ratios which are the basis of the 
lumen method and it is worth noting that they are fixed for each luminaire. They 
can be readily calculated from the polar diagram as shown in Appendix III, but it 
would be very useful to lighting designers using either the lumen method or the inter- 
reflection method, if manufacturers could be encouraged to give these ratios in their 
catalogues as the absolute minimum of technical information. It would take up little 
space and the discriminating engineer would be encouraged to use equipment produced 
by firms who know and are pleased to publish its technical performance. 

Luminaire component light output ratios are given in Appendix IV for a repre- 
sentative range, but it is recommended that manufacturers’ data relating to the specific 
luminaire be used where possible. 


(3.1.2) Surface Component Light Output Ratios 

Similarly, the basis of the solution of a general problem in lighting design by the 
inter-reflection method is the surface component light output ratios (g,); wall (g, 
ceiling (g,), floor {g,) and principal plane (g,), which are defined as the ratio of the 
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flux from the luminaire to the surface directly, to the flux output of the light source. 
The light output ratio of the luminaire equals the sum of the wall, ceiling and floor 
ratios, and it is these ratios which are used to calculate the illumination by inter-reflec- 
tions, i.e., 2 = 2» + 8. + 8y- It will be noticed that an additional surface ratio, the 
principal light output ratio, has been introduced in order to determine the direct 
illumination on the principal plane. 

The surface component ratios, unlike the luminaire ratios, are dependent on the 
mounting height and room dimensions in addition to being a function of the luminaire 
intensity distribution. 

As will be seen in the following example, each of the surface light output ratios 
is the sum of one or more products of luminaire component light output ratio and 
surface distribution factor corresponding to the surface and the luminaire com- 
ponent, i.e., 


g; =2g;.D 
e.g., 6e=8i Dei + On. Der. 


(3.2) Example of Calculation 


It is preferable, in order to ensure speed and accuracy, that these calculations 
should be made on a standard form similar to that used in this example, giving the 
formulae step-by-step with space for the necessary calculations. It has also been found 
useful, in order to determine initially the number of luminaires required and to give a 
final check on the calculated illumination, to include provision on the form for a 
preliminary calculation by the lumen method. Provision i is also made for the calcula- 
tion of luminance on important surfaces. 


(3.2.1) Example 


The example is given in Appendix VII in the author’s recommended form: The 
interflectances and luminance ratios are obtained from Moon and Spencer's 
tables(’. 8. 2!) and the distribution factors from Fig. 2. 


(3-3) Observations on the Calculation 


The following observations on the method of calculation should be helpful towards 
understanding its possibilities and limitations :— 

(a) The principle of superposition is applied, i.e., the total illumination on the 
principal plane is the sum of the illuminations due to the wall, ceiling, floor and 
principal components. In the basic inter-reflection method it is assumed that the flux 
reaching the principal plane directly is equal to that reaching the floor directly, i.e., 
the direction of all direct flux is assumed to be vertical, and the tabulated floor inter- 
flectance is the sum of that due to the contribution of floor reflection plus unity to 
account for direct illumination. In the example, these two contributions are treated 
separately by subtracting unity from all tabulated floor interflectances. 

(b) The superposition principle is also applied to the calculation of luminance, and 
the above discrepancy between flux direct to the principa] plane and that to the floor 
again leads to a complication. The tables relating to luminance of a surface due to 
the contribution of flux initially striking the floor are in terms of the ratio of 
luminance produced at the surface to the illumination produced on the principal plane, 
when the same amount of flux reaches the floor directly as reaches the principal plane. 
This difficulty is easily overcome by introducing the conception of an apparent floor 
contribution to the illumination on the principal plane. This is calculated from the 
floor component of flux, using the tabulated floor interflectances without modification. 

(c) As previously referred to, the calculated values of illumination refer to the 
principal plane and not to the actual working plane. If these two planes differ appreci- 
ably, the illumination on the working plane can be obtained fairly accurately by inter- 
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polation or extrapolation between the illumination on the floor, obtained from the 
consideration of floor luminance, and the illumination on the principal plane. A 
quicker, but slightly less accurate, procedure is to use the distribution factor deter- 
mined from the surface coefficient for the working plane, rather than that for the 
principal plane, to calculate the illumination received directly on the working plane, 
and add to this the inter-reflected components of illumination calculated for the 
principal plane, ignoring the small differences in the latter values. 

(d) Moon and Spencer(?!) discuss the question of interpolation between tabulated 
reflection factors, room coefficients, and heights up walls, from which it may be 
concluded that interpolation can be applied with reasonable results. Lee(!?) states that 
the maximum error in calculating the interflectance for a ceiling lighting system for a 
floor reflection factor of .3, by interpolation between tabulated values for floor reflec- 
tion factors of .5 and .1, is 5 per cent. and that extrapolation is satisfactory up to a 
floor reflection factor of .8. 

(e) A difficulty is the irregular initial luminance of walls, an extreme case being 
a direct luminaire which cuts off direct light from the upper portion of the walls. 
It should, however, be possible to make an approximate correction for this by sub- 
tracting from the total luminance of the upper part of the walls the average initial 
luminance and adding to the total luminance of the lower part of the walls the 
product of the average initial luminance and the ratio of the area of the upper part 
of the walls to the area of the lower part. 


(4) The Value of the Inter-reflection Method 
(4.1) The Inter-reflection Method and Illumination 

Illuminating engineers may ask why is there any need for the inter-reflection 
method and distribution factors, when the lumen method is quicker, even when the 
calculation is made from first principles. 

The answer is that it is a completely theoretical method and even if the Harrison 
and Anderson utilisation factors(?) are measured again with present-day precision, 
a theoretical evaluation of illumination is always an asset because the calculations 
can be varied to suit a larger variety of conditions, which would otherwise involve 
a prohibitive amount of experimental work. 

The inaccuracy caused by basing the room index of the lumen method on the 
mounting height above the working plane, without reference to room height, is recon- 
ciled if distribution factors are used with the inter-reflection method. 

The latter can be applied to all types of interior lighting systems, including 
luminous ceilings, louverall ceilings, cove lighting and wall lighting, which are not 
straightforward with the lumen method. 

The actual illumination at a point can be determined by separating, from the 
average illumination, the inter-reflected component and adding to it the actual direct 
illumination at the point calculated by the point-to-point method. More accurate 
evaluation of the illumination at a point can be made by adding to the direct illumina- 
tion the illumination due to the final luminances of the room surfaces previously 
calculated using the inter-reflection method. This is very valuable when studying 
modelling. 

Theoretical utilisation factors covering a wider range of variables than did 
Harrison and Anderson(2), with separate values for ceiling and pendant mounting, 
can be deduced for use in a new theoretical lumen method. 


(4.2) The Inter-reflection Method and Luminance 

The method also permits the determination of the luminance of the room surfaces. 
It may be said, why bother about luminance, when the average client or architect is 
scarcely interested in illumination calculations. 

The reason is that luminance determination opens up an accurate avenue of 
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approach to the solution of visual comfort problems, no matter whether illuminating 
engineering societies decide that the solution lies in “ brightness ratios” as prescribed 
by the American I.E.S.(22), in discomfort glare caiculations such as Harrison-Meaker 
glare ratings(23. 24. 25), Luckiesh-Guth B.C.D. values(?®), Petherbridge-Hopkinson 
glare constants(?’), Logan-Lange comfort factors(28), Guth visual comfort indices(2’), 
or any other future system for the calculation of discomfort glare, or in luminosity 
patterns as discussed by Waldram(3°). Discerning engineers will agree that the solution 
of the problem of lighting comfort is very important and hence the need for the 
inter-reflection method. 


(4-3) Accuracy of the Inter-reflection Method 


Several experimenters, including Putnam and Churchill(}!), Burnham(??), Jones 
and Neidhart(33) and Potter and Russell(?°), have made practical tests with various types 
of luminaires to determine the accuracy of the inter-reflection method. From these, 
the maximum error to be expected appears to be about 5 per cent., although isolated 
errors of 12 per cent. have been recorded. It must be noted that most of the tests 
were connected with the measurement of illumination only, and were made in empty 
rooms. 

Experimental verification of lighting calculations requires such carefully con- 
trolled conditions that the work is very costly, so it is only possible to offer com- 
parisons between measured values, taken from the work of Jones and Neidhart(33) 
and from Potter and Russell(2°), and theoretical values calculated by the distribution 
factor inter-reflection method of this paper. The results are given in Table 2 (p. 269). 

It is interesting also to compare the distribution factors calculated for the exact 
intensity distribution curves, using zonal multipliers, by Potter and Russell(2°), with 
factors obtained from the cosine power curves with the same flux ratios, as advocated 
in this paper. Table 3 (p. 270) shows the latter method to be accurate enough for its 


purpose. 
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Appendix I 


Room Indices and Surface Coefficients 


The room index of the lumen method is a letter, different in Britain and U.S.A., 
which represents a certain value of room ratio, defined(3) as the ratio of the product 
of the width and length of the room to product of the mounting height above the 
working plane and the sum of the width and length, for a direct, semi-direct or general 


diffusing luminaire, i.e., K, = keen - a, 
but surface coefficient, k; — “! 
*. ifh, = h,, 
1 
k, = aK. 


This leads to the equivalents given in Table 4. 





























Table 4. 
Relation Between Room Index and Surface Coefficient. 
Room Index Room Surface 
Ratio Coefficient 
American British Kr Rs 
J A 6 .833 
I B 8 .625 
H Cc 1.0 S 
G D 1.25 4 
F E 1.5 .333 
E F 2.0 25 
Dd G 2.5 2 
Cc H 3.0 .167 
B I 4.0 .125 
A J 5.0 J 
Appendix II 


Values of Zonal Fractions 


In order to assist illuminating engineers desiring to calculate distribution factors 
for other spacing ratios, zonal fractions for the standard intensity distributions referred 
to in this paper are given in Table 5, together with suggested designations for some 
additional classifications for narrower distributions as used in floodlights and spotlights. 
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Appendix III 


Calculation of Component Fluxes 


Let F, = horizontal component of flux, 
F; = indirect component of flux, 


F, = direct component of flux, 
Fy = flux in upper hemisphere, 
F,, = flux in lower hemisphere. 


The horizontal distribution is arbitrarily chosen as Fy = Igg sin 0 
*. Pym e.g = 937 I, (ref. (*) ). 
For a distribution represented by / = constant, 
= IZC, 
where ZC is the zonal constant. 

Where / is not constant, the total flux F, can be calculated, using zones narrow 
enough for the mid zone intensity /,, to represent the average intensity over the zone, 
then F; = 2Fy 49 = ZInZC. 

1782 
By this method Fy & F; can be determined from the polar diagram, and hence 
F; = Fy- 4F, and 
F, = F, - 3}F, 

Either or both F; and F, may be negative and account of this must be taken in all 
computations. 

The luminaire component light output ratios are given by, 


ne F,, 
8h si F > 
Fy — }F, 
8i = cee 
Fy, — Fs 
8 = F 


where F is flux emitted by source. 
The flux ratio is given by, 
— 64 Ig, 
Fa 
where F,, is the flux in the 0-40 deg. zone of the lower hemisphere. 


FR =" 


Appendix IV 
Light Output Ratios for Luminaires 


Light output ratios for a representative range of contemporary Juminaires are 
given on the following pages. In some cases the figures given are average values of 
several manufacturers. The last column gives flux ratios as described in Appendix II 
and Table 5. 
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Component Light Output Ratios for Luminaires. 















































Light Output Ratio 
Flux 
Luminaire, Classification and Type Indirect — Direct Ratio 
Bi 8h 8d (FR) 2 
(1) GENERAL SERVICE FILAMENT. z 
(a) Direct. | Ba 
Dispersive reflector, enamelled 0 0 .79 (M) | OF 
Mirrored reflector 0 0 71 (M) 
Deep dispersive reflector, enamelled 0 0 .69 (N) | (¢ 
Dispersive reflector with clear vapour-proof globe 0 0 .68 (M) | Di 
Dispersive reflector with clear glass cover 0 0 .67 (M) | Li 
Concentrating reflector, enamelled 0 0 64 (VN) | Lo 
Recessed reflector with louvre, 30 deg. cut-off 0 0 55 (N) | Er 
; Recessed reflector with louvre, 45 deg. cut-off 0 0 50 (F) Gl 
Recessed reflector with lens plate, intensive 0 0 .50 (F) He 
Recessed reflector with lens plate, concentrating 0 0 40 (BF) 
Two light trough with diffusing cover 0 0 .40 (M) (. 
High bay reflector 0 01 .70 (F) Mi 
Reflector with diffusing shade ~.10 .26 .60 (B) | De 
| 
(b) Semi-direct. | (2) 
Reflector with enclosed diffusing globe 02 10 55 (N) | Re 
Distributing reflector, enamelled ~ 40 1.05 20 (F) Re 
Circular prismatic bulkhead ~.18 47 18 (M) Re 
Rectangular prismatic bulkhead 19 55 31 (N) Re 
Bell shade, white plastic 05 23 52 (VB) | Re 
Prismatic reflector .02 .33 52 (VN) | | Re 
Prismatic reflector, vapour-proof 04 .28 42 (VN) | 
Acorn opal shade, 30 deg. cut-off .03 46 41 (N) | (3 
Plant pot opal shade .05 44 40 (N) | At 
Opal hemisphere .03 43 .28 (N) | AC 
Open top aluminium reflector, 30 deg. cut-off .28 0 51 eh | 
Acorn opal shade, 45 deg. cut-off 04 57 26 (MF) | (4 
Opal sphere — .02 .66 19 (VN) be 
Prismatic reflector-refractor 08 44 .28 (VN) | M. 
Plant pot opal shade with louvre 05 45 .22 (C) iM 
Open top aluminium reflector, 45 deg. cut-off .29 0 48 (BF) | iM 
M 
(c) General. M 
Acorn opal shade with glass underdish 02 .60 17 (NF) | M 
Elongated opal globe 01 63 14 (N) 
Acorn opal shade with louvre .03 62 15 (MF) | ( 
Flattened opal globe 07 .60 5 (BF) | IM 
Opal sphere, screw neck i 2 .63 09 (C) 
|W 
Bi 
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Component Light Output Ratios for Luminaires—con tinued. 






































a Light Output Ratio 
Flux 
“s Luminaire, Classification and Type Tndirect ~— Direct | Ratio 
ae 8i Lh 8d (FR) 
¢) SES FNP eee reer ee ek ome aa SOL TE (P Sa tas CREAN Sec AVES yates hee: 
=a (1) GENERAL SERVICE FILAMENT—continued. 
(c) General—continued. 
Bare lamp 13 71 16 (VN) 
Opal bowl, louvred bottom 35 .20 25 (N) 
(@) Semt-indirect. 
| Diffusing plastic bowl, open bottom, 45 deg. cut-off .29 58 .08 (FS) 
Light opal bowl 38 44 06 (N) 
w) | Louvre suspended below lamp, 45 deg. cut-off 56 17 5 (BF) 
| Enclosed prismatic 43 48 - 02 (VB) 
Globe with opal base, etched top 45 .22 .04 (C) 
| Heavy opal bowl 55 18 .03 (C) 
) 
(e) Indirect. 
Mirrored indirect .80 0 0 
| Deep metal bowl .70 0 0 
(2) INTERNALLY SILVERED LAmps. 
| Reflector spot, bare 0 0 1.00 (NF) 
Reflector spot, flush 0 0 92 (CF) 
Reflector spot, louvred 0 0 .68 (CS) 
Reflector flood, bare 0 0 1.00 (BF) 
) | Reflector flood, flush 0 0 87 (MF) 
‘) Reflector flood, louvred 0 0 55 (NS) 
) | 
(3) PRoJECTOR Lamps. 
Acting area flood, 50 deg. beam 0 0 40 (FS) 
Acting area flood, 25 deg. beam 0 0 26 (FS) 
*) (4) TUBULAR FLUORESCENT LAMpPs, 
‘) | (a) Direct. 
) Metal trough reflector 0 0 79 (M) 
¥ | Metal trough reflector, clear glass cover 0 0 .68 (M) 
) | Metal trough reflector, louvred (26 deg. L and C) 0 0 64 (C) 
Metal trough reflector, lens plate 0 0 63 (C) 
Metal trough reflector, louvred (30 deg. L, 45 deg. C) 0 0 50 (F) 
_ Metal trough reflector, slotted top .08 0 74 (M) 
) | (b) Semi-direct. 
) | | Metal trough reflector, slotted top, louvred (26 deg. 
| L and C) 10 0 59 (C) 
ie sae White plastic trough reflector 0 13 .67 (M) 
Batten 
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Component Light Output Ratios for Luminaires—continued. 



































Light Output Ratio 
Flux 
: Horizon-| |. Ratio 
Luminaire, Classification and Type Indirect | tal Direct 

8i Sh 8a (FR) 
(4) TuBULAR FLUORESCENT LAMps—continued. 
(c) General. 
Open top, open bottom, opaque sides 43 0 48 (M) 
Open top, open bottom, translucent sides 39 10 44 (VN) 
Unshielded tube grid 35 .20 40 (B) 
(d) Semi-indirect. 
Open top, ribbed bottom, translucent sides 43 .14 .26 (F) 
Open top, ribbed bottom, opaque sides 49 0 .32 (N) 
Open top, louvred bottom, translucent sides Al 12 .24 (C) 
Open top, louvred bottom, opaque sides 46 0 .29 (N) 
Open top, diffusing bottom, translucent sides 47 14 18 (F) 
Open top, diffusing bottom, opaque sides 53 0 .24 (N) 
Open top, light plastic trough 49 13 ao | Ae) 
Open top, dense plastic trough 56 Az 04 | (N) | 

| 
(e) Indirect. 
Open top, opaque trough | 80 0 0 
Appendix V 
Definitions 


The following terms are new or have not previously been used in Britain. 


Luminance Ratio. 

The ratio of the final luminance of a surface (i.e., after inter-reflections) produced 
by a surface component of flux to the average illumination on the principal plane 
produced by the same surface component of flux. 


Surface Flux Distribution Factor. 
The ratio of the flux reaching a plane surface without inter-reflection to the flux 
emitted by the luminaires. 


Surface Coefficient. 
The ratio of the perpendicular distance between the plane of the luminaires and 
the reference surface to the mean harmonic dimension of the room. 


Surface Component Flux. 


The product of the surface flux distribution factor, the light output ratio of the 
luminaires and the total lamp flux. 
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Zonal Fraction. 
The fraction of the total flux from the luminaires contained in the specified zone. 
Zonal Multiplier. 


The fraction of the total flux in the specified zone of the luminaires which reaches 
the surface under consideration without inter-reflection. 


Appendix VI 


List of Symbols 
A = Area of floor. 
C = Coefficient of utilisation. 
D, = Surface distribution factor for luminaire (surface not specified). 


D, = Surface distribution factor for unspecified luminaire component (surface not 
specified), 

Dy, D., Dy = Principal, ceiling, floor distribution factors for luminaire. 

D,;, Dy, ete. = Ceiling distribution factors for indirect, horizontal luminaire compon- 

ents, etc. 

I = Average illumination on working plane. 

FE, = Required average illumination on working plane. 

i, == Average illumination on principal plane. 


Eyp = Average illumination on principal plane due to flux from luminaires without 
inter-reflections. 
w» Ene, Ep = Average illumination on principal plane due to wail, ceiling, floor 
components of flux. 
E',;= Apparent average illumination on principal plane due to flux from Juminaires 
without inter-reflections plus flux due to floor component, assuming 


ley 
> 2 


F = Fy . 

E, = Average illumination on floor. 

F = Total flux output of all light sources in room. 

F, = Total flux output of all luminaires. 

F,, Fy = Flux output of luminaires in lower, upper hemispheres. 

F;, F,, Fy = Flux output of luminaires in indirect, horizontal and direct com- 

ponents. 

F, 9 = Flux output of luminaires in 0 — 40 deg. zone of direct component. 

F, = Flux output of luminaires in unspecified surface component. 

Fy, Fo, F,, Fy = Flux output of luminaires in principal, wall, ceiling, floor com- 

ponents. 

FR = Flux ratio (F4o/F,). 

f = Interflectance for all surfaces. 

f; = Interflectance for unspecified surface. 

fur fe. (ff-1) = Interflectance for wall, ceiling, floor components. 

f; = Interflectance for floor plus principal components, assuming Fy, = Fy. 

g = Light output ratio of luminaires. 

g, =: Light output ratio of unspecified luminaire component. 

£i, &» ba = F;/F, etc. = Light output ratio of indirect, horizontal, direct 
components. 

g, = Light output ratio of unspecified surface components. 
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Bp bw Bo &f = (F,/F), etc. = Light output ratio of principal, wall, ceiling and 
floor components. 

H = Height of room. 

H, = Height of principal plane. 

H, = Height of working plane. 

hs, lim, hy, hy = Height of luminaires above unspecified surface; working plane, 

floor and principal plane. 

h., h = Height of ceiling above luminaires and working plane. 

/ = Luminous intensity. 

Ig = Luminous intensity at @ to downward vertical through luminaires. 

I, = Luminous intensity in direction of downward vertical. 

I49 = Luminous intensity at 90 deg. to downward vertical. 

Kk, = Room ratio (numerical). 

k, = Room coefficient. 

k, = Surface coefficient (surface not specified). 

ky, ke, kg = Principal, ceiling, floor coefficient. 

L = Length of room. 

Let Lom Le, Ly = Luminances of wall top, wall middle, ceiling, floor. 

Ly, L; = Luminance of desk and task. 

M = Maintenance factor. 

N = Number of luminaires. 

SR = Spacing/height ratio. 

SS = Spacing/suspension length ratio. 

U = Utilisation factor. 

U;, U;, Ug = Utilisation factor for indirect, horizontal, direct components (used in 
lumen method, analogous to interflectance of inter-reflection method). 

W = Width of room. 

ZC = Zonal constant. 

ZF = Zonal fraction. 

ZM = Zonal multiplier. 

6 = Angle between downward vertical and direction of intensity referred to. 

6, = Angle between downward vertical and lower limit of zone referred to. 

6, = Angle between downward vertical and upper limit of zone referred to. 

A = Mean harmonic dimension of room. 

Pw = Average wall reflection factor 

pe = Average ceiling reflection factor. 

pr = Average floor reflection factor. 

p, = Average task reflection factor. 

pa = Desk top reflection factor. 

@ = Flux output of source in each luminaire. 
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Appendix VII 
Lighting Design Sheet 1 
Situation: Lecture Room. Task: Lecture Notes. 
Required Illumination (E,): 10 \m/ft?. 
Room: 
Dimensions (ft.): —Length (L) 24, width (W) 24, height (H) 12. 
Reference planes (ft.): working (H,,) 2-6, principal (H » = 4H) 3, ceiling above 
working h (=H —H,,) 9-6. 
Mounting (ft.) above: —floor (h;) 9, working (h,,) 6-6, principal (hy) 6. 
Reflection Factors, av. :— wall (p,,) .5, ceiling (p-) .7, floor (p,) .3. 
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ind Luminaires : 


Type: Opal Sphere, Maintenance factor (M) *. 
Light output ratios : total (g) .835, 
horizontal {g,) .660, 
ne, direct (gz) (FR) .189 (VN), 
indirect (g;) —.014. 
Lamps: 150 w., type filament, flux (®) 1,970 lumens. 


{ % + $n \ 3 ‘te + te\ 1 \ WL 
l g 2h hn} WH+L 


Lumen Method 


Room ratio, K, 


H 


g§ 
a 19 ae 8 \ ita aE 
ni Set Se 
Room index = F (approx.) 
Coefficient of utilisation, C = Ujg; + Ungn + Uaga 
82 x .189 + .46 x .660 — .38 x O14 454 
(Ug ete. utilisation factor for direct component, etc.). 
: ss E..W.L. 10 x 24 x 24 
No. of luminaires, N = — — = 60) 
dessa tire C.O.M. ~~ .454x1,970x.8 viet 
z , ; - C.N.O.M. C.F.M. 
Actual illumination, E = = 
in W.L. A, 
id). 9x 1,970x .8 
= .454 — 454 x 24.6 
( 24% 24 ) 454 x 24.6 
= 11.2 Im/ft? 
Inter-reflection Method 
‘ 2WL 2x 24x 2 
Mean harmonic dimension, A = PPR obs whale = 24 
W+L 244-24 
re H 12 
Room coefficient, k , = = = 5 
A 24 
Surface coefficients, k, = hp = , = .25 
A 24 
h 9 
hig a ee ee 
maaan gaat i 
he H—h ‘ 
k — — f —> — 7 5 
é ) } 04 125 
Light output ratios: — (D,g etc. = principal distribution factor for direct com- 
SB ponent, etc.) 
principal, gp = ga Dra + 8% Don = .189 x .730 + .660 x .185 = .260 
floor, gf 8a D ya -}- gh D yy = .189 x .625 + .660 x .130 = .204 
ceiling, g, = g; Dei + gx Dy» =—.014 x 837+ .660 x .280 = .183 
wall, gw = &—8¢—&e = 835 — .204 — .183 = .448 
ve Illuminations on principal plane due to :— 
° = FM 
direct, E,,—= g, ( r ) .260 x 24.6 6.40 Im/ ft? 
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floor refl., E,, = gy (fp — n( = ) = .204 x .103 x 24.6 = .52 Im/ft 
: FM 
wall refl., Ey. = 8ufw [ mu) = 448 x .276 x 24.6 = 3.05 Im/ft2 


M 
ceiling refl., Ey, = gcfc (4 ) - - 183 x 485 x 24.6 = 2.18 Im/ft? 


total, E, = Epp + Epp + Epw + Epe = 6.40 + .52 + 3.05 + 2.18 = 12.15 lm/ft 
*)\ 
floor refi. (apparent), E’,; = gyf; (4 : ) = .204 x 1.103 x 24.6 


A 
= 5.54 Im/ ft? 
Luminances : 


m wm - Loon A 
wall mid., L,,,,= — c=) E pu = &: ) E,, + ( — 5 E' ps 
E pe E pe Eps 


= 131 x 3.05 + .367 x 2.18 + .078 x 5.54 = 5.22 ft-L 


Le 7 Low —/ 
wall top, L,., (=) Epw 4 (=) Ep, + ¢€ =) E's 


= 1.30 x 3.05 + .506 x 2.18 + .068 x 5.54 = 5.54 ft-L 


utr L 
ceijing, L, (2) Epw + (*) Ene + ‘G ‘) Ey 


658 x 3.05 + 1.68 x 2.18 + .111 x 5.54 = 6.21 ft-L 


L L 
floor, 1-G 1) Ey. 4 ( t) E,, 4 ( 1) E's 
E pw E pe Eps 
3 


318 x 3.05 + .253 x 2.18 + .300 x 5.54 = 3.19 ft-L 
Illumination of floor, E, = fay x 3.19/.3 10.63 Im/ ft? 


Hi, —H, 
Illumination on work, E E, 4 f S hy 
a : 
2.5 
1S 10.63 11.85 Im/ ft? 


Task luminance, L, = pE = “ x 11.85 = +4 ft-L 
Desk luminance, L, = pyE = .45 x 11.85 ae A 
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